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1. Introduction

Perhaps the most complete chronology of early human attempts at flight is Octave Chanute’s Progress in
Flying Machines, first published in book form in 1894. This work shows the strong influence biological
flying creatures had on the first tentative engineering solutions to manned flight. However, it soon
became clear that merely duplicating biological morphologies at a larger scale was not a viable solution,
and that a new engineering system would have to be devised to carry man aloft. Even though we have
long since abandoned natural flight as a guide to aircraft design, the initial inspiration and motivation for
flight originated from these early observations and experiments with birds. We now rely on our
understanding of the laws of aerodynamics to produce 800,000 pound “birds” that cruise at near the speed
of sound (or greater) for thousands of miles nonstop.

Although our engineering designs may exceed nature in some regards, they are inferior to nature in many
others. Nature builds systems of staggering complexity, yet these systems provide robust, autonomous,
and efficient solutions, which are well-adapted to the environment. Therefore, some are suggesting that
the time has come to reexamine nature, in a way reminiscent of those early aerodynamic pioneers, but
with an important difference. That is, can biological systems, with their thousands of years of
evolutionary re-design, offer fresh inspiration for engineering solutions that work better, are more
efficient, and at the same time are more environmentally acceptable to future generations?

This report represents an attempt to see if some of the techniques biological systems use to maximize
their efficiency can be applied to the problems NASA faces in aeronautics and space exploration.
NASA'’s interest in examining biological systems stems from long-term agency goals directed toward
making aerospace travel and exploration more affordable and efficient, and toward making air transport
vehicles safer, cheaper, and more environmentally friendly. Natural systems tend to minimize “cost” for
maximum “gain” by exploiting a niche in the environment where they can prosper using some unique
capability. They also have the capability of adapting as conditions change (within limits), self-repair
(within limits), and cooperative behavior for the good of the group. It is clear that these biological
principles can also be applied to engineered systems to minimize cost and maximize gain (function). In
fact, we can exploit these concepts even for deep space exploration where biological systems have yet to
be discovered.

The biomimetic approach to engineering design is inherently a multi-disciplinary activity that results in a
highly integrated, multi-functional system (just like real biological systems). Structures, materials, fluid
mechanics, controls, power, sensors, etc. all play multiple and interrelated roles, and any meaningful
application of biomimetics to engineering design must combine a number of traditionally separate
disciplines. This report attempts to show where Langley’s traditional disciplines intersect as biomimetics
research methods are applied to the problems we are tasked to solve. Clearly, independent, discipline-
specific research will still be required, but the ultimate applications will demand a multi-disciplinary
process if we are to successfully mimic natural systems.

11. Definition

Biomimetics is a tool that involves the abstraction of good design from nature. Biomimetics activities are
multidisciplinary and engage researchers from the fields of biology, material science, chemistry and



engineering, who harness ideas from nature and work together to design new smart materials or structures
to perform specific tasks (GE1). An early example of a successful biomimetic material is Velcro,
invented by a Belgian named Georges de Mestral, after examining the morphology of plant burrs that
were strongly adhered to his dog’s hair. Velcro’s hooks were copied from nature’s design that allows
burrs to cling strongly to any fabric surface. Engineers have also been using biomimetics for many years.
In attempting to build lightweight structures without sacrificing desirable mechanical properties of
materials like steel, engineers turned to fiber reinforced composites. Composites are abundant in nature,
both in the plant and animal kingdoms. Trees are made of cellulose fibers in a lignin matrix, shark skin is
reinforced by collagen fibers and even the mucus from slime is reinforced by fibers. These examples
demonstrate the breadth of problems to which biologically inspired solutions may be applied.

III. LaRC Biomimetics Team

The Biomimetics Team was composed of representatives from five of the six Competencies at LaRC.
Team members and their affiliations are shown below:

* Ben Anders — Aerodynamics, Aerothermodynamics and Acoustics Competency

* Dave Cox — Airborne Systems Competency

* Bob Fox — Systems Engineering Competency

e Dawn Jegley — Structures and Materials Competency

« Steve Katzberg — Aerospace Systems Concepts and Analysis Competency

* Mia Siochi — Structures and Materials Competency, Team Lead

The team was formally kicked off on June 22, 1999 with the charter to review the field of biomimetics

and identify fruitful areas of research for Langley Research Center which will benefit NASA’s customers
and the U. S. aerospace industry.

IV. Tasks

The assigned tasks were broadly divided into two sections:

A. The first task was to evaluate biomimetics technology, including what’s been done, who
the leaders are, what their expertise is and what the growth areas are.

B. The second task was to develop options for LaRC activities in biomimetics including
topics for study, needed skills, needed facilities, needed funding and potential alliances.



V. Strategy

Realizing the breadth of ongoing biomimetics activities, the team’s strategy for covering the wealth of
information available consisted of doing both an external and an internal survey. The purpose of the
external survey was to determine what work has been done, who is doing the work and what are the gaps
in the field that LaRC may be able to fill. The internal survey was an inventory across Competencies to
determine what biomimetic work is already being done on Center, what skills, facilities and other in-
house resources that can be considered enabling for biomimetics technology are available.  This
information gathering task was divided according to the expertise of the team. The areas covered were
Materials (Mia Siochi), Structures (Dawn Jegley), Controls (Dave Cox), Aerodynamics (Ben Anders),
Systems Engineering (Bob Fox) and Systems Analysis (Steve Katzberg).

It did not take long to discover that over the past twenty-five years, biomimetics activities have taken root
in a broad range of disciplines. Due to the volume of information available, it was determined that the
most efficient way to educate the team was to invite experts in the area as consultants for the team.

Upon completion of the three-pronged information gathering exercise, the second task was tackled by
conducting brainstorming sessions with various groups in each team member’s area of expertise. The
ideas were fleshed out and are included in this report as the team’s recommendations for biomimetics
activities.

V1. Internal Survey Results

The purpose of the internal survey was to assess the Center’s ability to direct its resources into
biomimetics in the near future. As such, the results of the survey contain ongoing work that are either
biomimetic or are biomimetic enabling. Biomimetic enabling technologies include research into the
development of miniaturized electronic components and nanotechnology, the maturity of which will be
crucial for the success of biomimetically engineered systems. The team also noted biomimetics research
work completed in the past or biomimetic enabling technology if the skills and facilities used to
accomplish past work are still intact and may be revived and directed toward new efforts in biomimetics.

A. Materials — Mia Siochi

The internal survey in the Materials area covers work performed in the Advanced Materials and
Processing Branch (AMPB), the Metals and Thermal Structures Branch (MTSB) and the Nondestructive
Evaluation Sciences Branch (NESB).

Smart Materials is one of the ongoing programs at Langley Research Center. The largest, coordinated
effort in Smart Materials at AMPB is the development of piezoelectric polymers for the Adaptive Vehicle
Technologies Program (AVTP). Over the past few years, research has led into the development of some
novel polyimides with promising high temperature piezoelectric responses suitable for sensor applications
(MI1,MI2). The development of high temperature electroactive polymers in AMPB now includes not
only continuing work in piezoelectric materials, but also the initiation of efforts in the development of
new electrostrictive materials. Facilities are also available for the fabrication of continuous ferroelectric
thin films that have been used to coat micromachined silicon substrates purchased elsewhere.



In order to miniaturize electronic circuits for use in adaptive vehicles, there is ongoing research to
develop flexible multilayer circuits and cables using thin polyimide films. Potential applications for these
circuits and cables include substrates for chips on boards or chips on structures that can be packaged in
constrained areas for data, control and electrical systems in ground based or space flight applications.

Newly funded work from the AVTP involves the development of organic/inorganic hybrids that mimic
bone. The objective is to bind organic microspheres with an inorganic binder to create porous, but
thermally stable lightweight structural systems. The plan includes embedding sensors into these
structures for in-situ health monitoring, temperature sensing and cryopumping response.

The materials expertise in AMPB have been harnessed in collaborative efforts with NASA-JPL for the
development of ionic polymer/metal composites (IPMC) as biomimetic sensors, actuators and artificial
muscles for planetary applications. IPMC strips were found to be superior to existing motion sensors and
micro-sensors. Their vibrational characteristics and unique cryogenic properties can lead to potential
applications such as swimming robotic structures, flapping wing machines and various robotic devices
with wide ranging utility (MI3-MI5).

In-house expertise also exists in the development of metal matrix composites (MMC). Research on
fabrication, joining, and characterization of continuously reinforced titanium was performed at LaRC
more than ten years ago in the National Aerospace Plane (NASP) and generic hypersonic programs (MI6-
MI9). Work has also been performed on discontinuously reinforced alloys (MI10). Significant
experience and infrastructure for performing world-class research on MMCs still exists for fabricating,
designing, joining, and characterizing MMCs, and work is being proposed to renew research in the field
of MMCs for cryotanks and launch vehicle applications. MMCs take advantage of high strength ceramic
fibers in a compliant metal matrix, which is quite similar to the function of ceramic plates connected by
proteins in naturally-occurring shell structures.

New research is beginning in the areas of porous metallic structures, also called metal foams, and in
freeform laser deposition of metallic powders funded by the Airframe Systems Project Office (ASPO).
Naturally occurring structures, such as bones, are highly efficient and lightweight due to selective
porosity. Porous metallic structures are being investigated to reduce structural density and provide
excellent thermal insulation for high temperature structures such as metallic thermal protection systems
for reusable launch vehicles. Laser beams can be used to perform many functions on metals that cells
perform within a body; these include new material deposition, flaw detection, flaw repair, and material
removal. These tasks are analogous to cellular functions such as proofreading cells checking and
correcting DNA strands, phagocytes consuming invading cells, or bones remodeling. This new program
funded by the ASPO is investigating processes for depositing metals using lasers to enable the design of
complex, multifunctional structures.

Much of the work in the arena of new materials development are in grassroots efforts by individuals or
small groups of researchers funded at Director’s Discretionary Fund (DDF) levels. As such, these efforts
are in rather diverse areas as demonstrated by descriptions of ongoing or past work below.

A recently completed project successfully demonstrated the feasibility of using microwave driven ceramic
piezoelectric actuators to eliminate the need for hardwiring actuators on the adaptive surfaces of the Next
Generation Space Telescope (NGST) (MI11-MI12).

There is in-house expertise in glass sealants, with previous work involving the development of moisture
resistant borate glass sealants for carbon-carbon composite oxidation protection (MI13). This knowledge



can be directed to the development of self-assembling structures via sol-gel methods; self-assembly is
rampant in nature as a mechanism for replication.

Newly funded work include the development of ionomeric high temperature polymers. This DDF aims to
apply in-house expertise in high performance polymers, to the development of new materials with
potential applications ranging from self-healing thin films for protective surfaces to matrices for self-
repairing composite structures, as well as usage in fuel cells.

The emerging field of Nanotechnology has spurred some work in this area. Interest is focused on
improving the properties of existing high performance materials by incorporating nanostructures in
various ways. Nanosized organoclays are being chemically modified for incorporation into high
temperature polymers used as composite matrix resins. The objective of this work is to develop easily
processable resins with reduced permeability for gases such as oxygen and hydrogen which are used as
cryofuels. These modified resins could be used to fabricate improved composite cryofuel tanks. Potential
improvements to high temperature polymers as a result of the incorporation of organoclays include
increased mechanical properties, higher heat distortion temperatures leading to increased use
temperatures, and improved radiation and tear resistance of thin films.

As part of a Cross-Enterprise Technology Development (CETDP) effort, there is funded research activity
on the chemical modification and incorporation of carbon nanotubes into organic polymers as a possible
means of getting sufficient electrical conductivity to dissipate static charge. This must be accomplished
without degradation of optical properties (i.e. solar absorptivity, thermal emittance) in order for these
materials to be useful in certain space applications. Along these lines, a small effort has been initiated to
screen blends of polyimides with carbon nanotubes to investigate potential improvements in the thermal
conductivity of films without sacrificing the superior mechanical and thermal properties of these
materials.

Another CETDP study aims to synthesize polymers that dynamically change their refractive index and
index grating in response to external stimuli such as electrical potential, thermal energy and/or magnetic
fields. These coatings can be fabricated into working devices and sensors to create solid-state
autofocusing systems that will eliminate moving components in optical devices. It is envisioned that such
a system can self-correct for myopia and astigmatism that can occur during a mission lifetime.
Development of these photorefractive polymers may have significant impact on telecommunications and
computer/data storage industries as well.

Aside from new materials development, expertise on sensor development also exists in the Competency.
NESB has long been a leader in non-destructive evaluation. The expertise of the branch lies in the
development of fiber optic sensors for in-situ structural health monitoring, non-destructive detection and
characterization of structural flaws such as cracks and corrosion in critical structures and complex
structural components (MI14-MI20). These sensors are also used for nondestructuve materials
characterization such as assessment of material level flaws like voids, inclusions, fiber misalignments and
delaminations required for performance and life prediction. Non-intrusive sensors are used for
manufacturing process control to monitor and control critical physical and chemical parameters in the
fabrication of high quality products (MI21),

Finally, there is a group of researchers involved in the Computational Materials effort aimed at providing
an advanced concept for the design of fiber reinforced resin matrix composite. Their approach uses an
integrated predictive computer model that bridges the microscopic and macroscopic descriptions of these
materials to reduce development costs. The advanced concept under development is aligned with



technologies that need to be available in order to fulfill the vision of self-evolving biomimetic systems.
Work in progress includes investigation of the influence of molecular weight on the mechanical
performance of a thermoplastic glassy polyimide (MI22), molecular simulations of imidization and
interfacial phenomena (MI23), molecular modeling of piezoelectric polyimide poling (MI24), and studies
of the effects of physical aging on composite properties (MI25).

It is clear from the brief descriptions of both past and ongoing work above, that the Center possesses the
necessary skills and facilities to embark on biomimetic activities in the Materials area. The resources
available range from the ability to work at the fundamental level using computational tools to the
synthesis, characterization and processing of new materials for incorporation into large systems.

B. Structures - Dawn Jegley
The Center’s strength in Structures research can be classified into three major areas:

1. Composites development including manufacturing and applications to large structures (trees are
taller than any aircraft)

2. Smart Structures
3. Robotics

When research began into the use of fibrous composite materials, tree structures were examined because
they contain long stiff fibers (a series of tubular cells) surrounded by a binding glue substance (lignin).
References to the Forest Products Laboratory were quite common in the early papers on fibrous
composites, so, in a sense, all research in fibrous composite structures can be considered biomimetic since
it mimics the structures of trees. By taking advantage of scaling and tailoring techniques, composite
structures can be optimized to support loads of a specific type, resulting in a more efficient, lightweight
structure. Over the years, much research has been done using graphite and Kevlar fibers in matrices of
resin systems ranging from commercially available brittle systems like 3501-6 epoxy used in the
Advanced Subsonic Transport (AST) program, to tougher PETI-5 which was developed at Langley for
the High Speed Research (HSR) program. The goals of these recent programs included developing the
enabling technologies necessary to build these aircrafts, reducing structural weight (and thereby operating
costs and emissions) and reducing manufacturing costs to make these aircraft viable in a commercial
market.

Research to improve the design of composite structures is continuing in manufacturing, analysis, and
testing. Manufacturing efforts include finding new ways to position fibers to minimize discontinuities and
interruptions in load paths, and to minimize failures due to minor damage or delaminations.
Improvements could be made by examining the micro construction of natural structures and applying
these to man-made structures. Research work has concentrated on tailoring fiber orientation to the
anticipated loading and making resin systems less brittle, with less emphasis on improving the fibers
themselves or tailoring them locally to improve structural efficiency. Work in this area can be expanded
into investigating the way bones and trees avoid failing through holes by avoiding stress concentrations.
These efforts can improve the structural efficiency of aircraft and spacecraft, making them lighter and
more fuel efficient.



Sandwich structures are also found in nature. For example the human skull is a sandwich structure with a
hard outer surface and a soft core. Work in sandwich structures using a variety of materials date back
many years and is part of current programs like the X37, where testing of a sandwich structure wing is
planned toward the end of 2000.

Through-the-thickness reinforcement using stitching was explored under the AST program and testing of
this concept is ongoing. This concept mimics through-the-thickness fibers in some shells and is beneficial
in minimizing the propagation of damage. In the AST program, stitched material was found to reduce
weight, cost of manufacture and damage propagation in thick structures such as aircraft wings. This
concept has been chosen as the baseline structural concept for the blended wing body program.

A new project started in FY *00 involves integrated active controls and tailoring of structures. This can
be accomplished by mimicking bones which must carry load. Leg bones, must support the weight of the
animal under both static and dynamic loading. Active control with feedback systems can permit fine
control not possible with conventional aircraft. Birds can use their wingtip feathers to optimize their
flight to minimize energy usage and improve maneuverability. The same things can be achieved in
aircraft if an appropriately detailed system is developed.

Programs combining aeroelasticity and control systems have been in existence at LaRC for more than 10
years. Several projects relating aeroelasticity and controls are ongoing. Aircraft wing adaptability to
changing flight conditions is being explored by incorporating sensors and actuators on the surface or
embedding them within the structure. Inspired by birds and insects who use their wings in complex ways
like rotating the wing, flexing the tip, and subtly changing the camber, researchers are aiming for
multifunctionality that allows the same structure to maneuver very efficiently in all realms of flight, in
ways not currently achieved by mammade flight vehicles.

Forward looking programs involving the incorporation of torque tubes down the center of the wing to
allow rotation, incorporation of control surfaces into the structure for smoother wings and modification of
wing stiffness by allowing spar rotation, all aim to build more biologically representative wings. The
success of these programs depends upon the development of sensors and actuators compatible with these
goals. Studies of the effects of embedded sensors on material properties are ongoing to help evaluate the
advantages and drawbacks of these types of “‘smart structures.”

The Smart Wing project is part of the Aircraft Morphing Program and has been in place for several years.
In this program new smart materials are used to twist and bend airplane wings during flight to morph the
aircraft shape into one that is optimal for different flight conditions. Several smart concepts are being
studied in this program. The first concept uses tubes of shape memory alloy material to twist the wing
from root to tip. When these tubes are actuated, the flexible wing structure twists along its span. This
action increases the angle of the tip of the wing, thereby increasing the lift force on the wing. The tubes
twisted the wing 1.25 degrees and increased the ability of an aircraft to roll by 8%. The structure is
designed so that when the torque tube cools, the wing returns to its previous shape. The second concept is
allowing shape memory alloy (SMA) wires or tendons to be stretched, and then embedded in the top and
bottom surfaces of a flap. When electric current is applied to the tendons on the bottom of the wing, those
tendons shrink and bend the surface downward. Electric current applied to the SMA tendons on the top
of the wing bend the surface upward. The system is designed so that if power is not applied, the flap
remains in a neutral, or undeflected configuration. Tests of the hingeless surface showed an 8% increase
in lift over conventional wings.



The Smart Wing project is jointly supported by the Defense Advanced Research Projects Agency
(DARPA), NASA Langley Research Center, Air Force Wright Laboratories, and the Naval Research
Laboratories. DARPA funding supports the prime contractor, Northrop-Grumman and subcontractors
including Lockheed Martin Astronautics, several universities and small companies. Two 16%-scale F-18
E/F wing models with embedded smart structures were built and wind-tunnel tested in the NASA Langley
16-foot Transonic Dynamic Tunnel.

The Langley Adaptive Aero Demonstrator (LAAD) is getting started now and could provide a unique
framework for testing concepts developed under a biomimetics program. The LAAD is a testbed for
demonstrating adaptive aeroelastic concepts and evaluating concepts beyond the piezos used today. The
goal of the LAAD is to demonstrate LaRC smart structures technology through wind-tunnel testing using
a multidisciplinary, integrated approach. This testbed is necessary because while individual smart
technologies have been tested at LaRC, a fully-integrated smart structures demonstrator (using in-house
technologies) has not previously been designed and tested. Very few examples of such demonstrations
exist worldwide.

Another application of smart structures is to suppress vibration by using sensors and feedback. A
biological system adapts to changing environments to avoid damage and smart structures can do the same
thing. This work is a joint NASA-DOD project. The plan is to team with other agencies to develop flight
vehicle structures that can sense their operating environments, process the resulting information, and
respond to these stimuli by deforming or deflecting the structure in order to accomplish a mission. The
goal is to develop techniques to enhance vehicle performance and eliminate structural dynamic problems,
while addressing Technology Development Approach (TDA) goals and Air Force deficiencies.
Ultimately this work will reduce vehicle cost, weight, drag, and signature while increasing fatigue life and
improving performance.

Other areas of work in the recent past include robotics for space applications which can learn through
practice. Work in this area includes developing several techniques such as integral-control based
learning, improved learning with compensator, and phase cancellation based learning. These techniques
have been implemented and demonstrated through robot training with results including improved robot
tracking accuracy by a factor of 100 after practicing eight times and sophisticated learning process
improving robot tracking accuracy by a factor of 1000 after practicing twelve times. Animals must adapt
to their environment and learn through experience. Robots which cannot be reprogrammed quickly or
easily, such as those on space missions, also need this capability to avoid failures due to lack of quick
communication with Earth.

A project proposed jointly by MSFC and LaRC but which was not funded this year, was to build ultra-
lightweight structures such as space antennae using replicated intelligent colony structures which mimic
the techniques coral uses to build reefs. Miniature robots would ‘walk’ along the structure and plant
themselves in a preprogrammed location to build the antennae to the correct location.

Precision trajectory robot tracking is another area in which Langley has skills which would enable the
development of biomimetic systems. A system with 7-degrees-of-freedom was developed, resulting in a
high degree of dynamic coupling with maximum nonlinear effect and 60 dB error reduction in 30 deg/sec
tracking with 6 learning repetitions. Biological systems have an excellent ability to position themselves
and other objects. This skill would be useful in controlling air and space crafts.

The development of one or more self-propelled, biomimetic microrobotic flying devices was proposed.
These avian devices will utilize small-scale flapping wings to produce lift and thrust. Actuator-wings will



be constructed using processes recently developed for manufacturing NASA LaRC Macro-fiber
composite piezoceramic actuators of dynamically tailored devices. The devices will also incorporate
regenerative power systems to allow extended duration operation. The proposal aimed to design, fabricate
and test this microavian flapping wing vehicle to demonstrate autonomous flight. If successful, the
biomimetic avian device may be used for planetary exploration, military reconnaissance, crop and forest
management, and pollution monitoring.

The Structures work described above demonstrates the Center’s expertise not only in the modeling and
construction of structures, but also in our ability to develop various ways of controlling the structure’s
maneuverability and efficiency. Key publications summarizing some of the work described are given in
the Structures Internal Survey Reference section (SI1-SI110).

C. Guidance and Controls — Dave Cox

In the area of Guidance and Control several projects and past research efforts within the Airborne
Systems Competency have followed methods which could be considered biomimetic. Neural networks
are probably the most widespread example of this history. Neural networks are inspired by the dense
collection of interconnected neurons which comprise human and animal brains. A similar parallel
collection of signal paths can be realized electronically in hardware, albeit typically in a more structured
arrangement. In practice, most applications rely on a software implementation which allows for easy
reconfiguration. Although the biological analogy is clear, neural nets have reached a point of maturity
through the refinement of mathematically tractable forms, rather than through a detailed imitation of
nature. Therefore, although the processing capability of the brain remains somewhat a mystery, neural
networks are well understood and software which expedites their application exists.

In the Guidance and Controls Branch (GCB) neural nets have been applied in the development of new
spacecraft design and analysis software in support of the NextGrade Program (CI1). The effects of
spacecraft parameter changes, such as the location of reaction wheels or stiffness of critical structural
members, affect the overall stability and pointing performance of a satellite. These variations can be
predicted in detail through finite element analysis and time-domain simulation, however, this process is
time consuming. Given a representative set of parameter changes and the associated effects, neural
networks can be trained to recognize the collective and coupled effects of many design parameters, and
therefore can provide rapid estimation of performance to help an engineer quickly work through possible
design modifications.

Another area where neural networks have been applied is in the development of feedback controllers for
non-linear and poorly modeled systems. Work was done in the Dynamics and Controls Branch (DCB),
which took advantage of the ability of neural nets to adaptively approximate non-linear functions (CI2).
Under DDF funding, and later with support from the HSR program, a series of experiments were
conducted which demonstrated the ability of neural networks to control non-linear and unstable plants.
The extension of this work to the control of high performance aircraft was also investigated.

Central to the design of many guidance and control laws is numerical optimization, and here too,
biologically inspired methods have made some progress. Genetic algorithms are computational
procedures which seek solutions to a problem similar to the way natural selection and evolution seek to
help a species survive and exploit changing environments. In genetic algorithms the space of all possible
solutions is first represented as possible variations in a gnome, represented as a digital sequence.



Mutation is implemented as the random switching of individual genes, and crossover as the mixing of two
sets of genes to produce a unique but similar offspring. The algorithm proceeds by evaluating the fitness
of each individual, and only allowing the best to survive. Continual “breeding” produces a full population
of solution candidates from this set of survivors.

Genetic algorithms are most beneficial in problems for which smooth or mathematically tractable
objectives do not exist. In GCB these methods have been applied to determine the optimum distribution
of a constellation of low-earth orbit satellites and for refinement of physical parameters in a system
design.

There is additional work in the Airborne Systems Competency which has followed a biomimetic path. In
the Sensor Research Branch (SRB) a significant effort has been put into development of image processing
techniques which improve the color-contrast of images (CI3). The inspiration and direction for this work
came from a study of how humans perceive images under varied lighting conditions, as opposed to how a
digital camera or film record them. The intrinsic processing of living visual systems is emulated in a
processing technique called Retinex, developed by SRB. Retinex is now finding application both within
and outside of the aerospace community.

Vision systems need to process large amounts of data, which overwhelm a di